The role of subfilter scale models for representing turbulence-chemistry interactions in large eddy simulations (LES) of turbulent premixed combustion is of considerable importance as the internal structure of premixed flames is generally smaller than the filter sizes. Moreover, the accuracy and validity of LES subfilter scale models for premixed combustion are still under debate. A detailed comparison is made between two laminar flamelet type modeling approaches: one approach based on the thickened flame and power-law flame wrinkling models and a second approach based on the flame surface density (FSD) model. The strengths and limitations of both methods are examined and the numerical predictions of the thickened flame and FSD models are investigated and compared for freely propagating premixed flames. The numerical results also include a discussion of the influence of turbulence intensity on the turbulent flame speed and flame structure. The study is intended to provide insight into the computational and physical modeling requirements for performing LES of turbulent premixed flames.
I. Introduction
The numerical modeling of turbulent reactive flows represents a significant computational challenge as such flows involve a broad range of complex physical and chemical phenomena occurring over a wide range of spatial and temporal scales. Large Eddy Simulation (LES) is proving to be a valuable tool for numerical solution of non-reacting turbulent flows, 1 but it is at an early stage in its application to turbulent combusting flows. One of the main challenges of LES for premixed turbulent combustion is that, in many cases, the internal flame structure is entirely on the subfilter scales and, because of this, the accuracy and validity of LES subfilter scale models for representing the effects of scales generally smaller than the filter size are still under debate. 2 In premixed flames, the reactants (fuel and oxidizer mixed at the molecular level) and burnt gases (combustion products) are separated by a thin reaction zone or surface having a characteristic propagation speed (flame speed) and thickness. Models for premixed turbulent combustion are therefore often geometrical in nature with mixture properties (mass fractions, chemical kinetics, etc.) related to the dynamics and properties of iso-surfaces. This study considers a comparison of two different modeling approaches for turbulent premixed flames: one approach based on the thickened flame and power-law flame wrinkling models 3, 4 and a second approach based on a flame surface density (FSD) transport equation. 5, 6 Both of these approaches are laminar flamelet type models. 7 The thickened flame and FSD models are compared and LES results obtained using both approaches for prediction of freely propagating premixed flames are described. Results for stoichiometric flames are considered. A parallel adaptive mesh refinement algorithm has been developed and is used herein for the solution of the Favre-filtered Navier-Stokes equations for a compressible reactive thermally perfect mixture. 8, 9 The numerical results include a discussion of the influence of turbulence intensity on the turbulent flame speed and flame structure. In what follows is a discussion of the subfilter-scale modeling, numerical solution scheme, and preliminary computational results for freely propagating flames in both two-dimensional and three-dimensional decaying isotropic homogeneous turbulent fields.
II. Favre-Filtered Governing Equations
In LES, a separation of scales is achieved via a low-pass filtering procedure. Scales larger than the filter size, ∆, are resolved, whereas scales smaller than ∆ are modeled. Relevant flow quantities, φ, are filtered or Favrefiltered (mass-weighted filtering) to give φ or φ, respectively. The Favre-filtered form of the Navier-Stokes equations governing compressible flows of a thermally perfect reactive mixture of gases are used herein to describe turbulent premixed combustion processes. They are given by
whereρ is the filtered mixture density,ũ i is the Favre-filtered mixture velocity,p is the filtered mixture pressure,Ỹ k is the Favre-filtered mass fraction of species k,Ẽ is the Favre-filtered total mixture energy (including chemical energy) given byẼ =
f,k are the sensible enthalpy and heat of formation for species k, respectively, andω k is the filtered reaction rate. The filtered equation of state has the formp =ρRT +D 1 . The resolved viscous stress tensor,τ ij , the resolved total heat flux,q i , and the resolved species diffusive fluxes,J k,i , are evaluated in terms of the filtered quantities as:τ ij = 2μ(Š ij − δ ijŠll /3),q i = −κ∂T /∂x i + N k=1ȟ kJk,i ,J k,i = −ρĎ k ∂Ỹ k /∂x i , whereT is the mixture temperature,μ is the mixture viscosity,κ is the mixture thermal conductivity, andĎ k is the diffusivity of species k with respect to the mixture, and the strain rate tensor,Š ij , is given byŠ ij = (∂ũ i /∂x j +∂ũ j /∂x i )/2.
The terms, A 1 , A 2 , B 1 , B 2 , B 3 , B 4 , B 5 , B 6 , C 1 , C 2 , and D 1 , arise from the low-pass filtering process and require modeling. In most LES, the terms A 2 , B 2 , B 3 , B 5 , C 2 , and D 1 are assumed to be small and are neglected. 10 The non-negligible terms are
(B 6 is related to C 1 ) and must be modeled for closure of the filtered equation set. In LES, the subfilter stresses, σ ij = −ρ( u i u j −ũ iũj ), are generally modeled using an eddy-viscosity model with σ ij = 2ρν t (Š ij − δ ijŠll /3) + δ ij σ ll /3. The eddy viscosity, ν t , is prescribed herein by using either the standard Smagorinsky model 11 or a one-equation model. 5 In the Smagorinsky model, ν t = C s ∆ 2 |S|, the trace, σ ll , is specified using the Yoshizawa model 12 with σ ll = −2ρC I ∆ 2 |Š| 2 , and C s and C I are model constants that must be specified. In the one-equation model, ν t = C ν ∆k 1/2 , where C ν is a model constant, σ ll = −2ρk, andk is the subfilter turbulent kinetic energy. A modeled transport equation is solved fork.
Standard gradient-based approximations are used in this work for the modeling of the subfilter-scale fluxes B 1 , B 6 , and 
III. Thickened Flame Model

III.A. Artificially Thickened Flame
The challenge in LES for reactive flows is to accurately model the influence of the subfilter-scale turbulence on the filtered reaction rates,ω k . This is particularly challenging for turbulent premixed combustion where the flame thickness, δ, is 0.1-1.0 mm, and this is in many cases smaller than practical LES filter widths, ∆. One approach to modeling the turbulence/chemistry interaction for premixed flames is offered by the socalled thickened flame model. In the thickened flame model, the computed flame front structure is artificially locally thickened in such a way that it can be resolved on a coarse LES mesh, but such that the laminar flame speed remains unaltered.
14 From the theory of laminar premixed flames, it is well established that the laminar flame speed, s L , and the laminar flame thickness,
where D is the molecular diffusivity andω the reaction rate. Thus, an increase in flame thickness by a factor F with a constant flame speed, can be achieved by multiplying the molecular diffusivity D by F , and the reaction ratė ω by 1/F . An efficiency factor, E F , is also introduced to account for the resulting decrease in the Damkhöler number, Da, for the flame. 3 The resulting filtered balance equation for chemical species takes the modified form ∂ ∂t
where the filtered reaction rates,ω k , are now calculated directly using Arrhenius law reaction rates evaluated in terms of resolved quantities.
Besides allowing the representation of the flame front on relatively coarse grids, the thickened flame approach allows one to take into account phenomena such as ignition, flame stabilization and flame-wall interaction because of the direct use of Arrhenius-law chemical kinetics. Also, if molecular diffusion is described by Fick's law, this approach can potentially be extended to complex chemistry.
III.B. Power-Law Flame Wrinkling Model
To correct the flame Damkhöler number and incorporate the influences of the unresolved turbulent field on the chemical kinetics, the efficiency factor, E F , is evaluated herein using a power-law flame wrinkling model. Assuming that the internal structure of the flame is not significantly altered by the turbulence, as in the wrinkled flamelets, corrugated flamelets, and thin reaction zones premixed combustion regimes, 7 and that the increased flame surface area due to the flame front wrinkling by the subfilter-scale turbulence leads to an increase in the flame speed, a power-law expression is used to evaluate E F given by
where s T∆o is the subfilter turbulent flame speed, Ξ ∆o is the subfilter wrinkling factor, ∆ o is the outer cutoff scale, η i is the inner cutoff scale, and γ is the power of the expression, which is taken to be 0.5 here.
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The inner cutoff is associated with the maximum of the laminar flame thickness and the mean curvature of the flame, which can be estimated by assuming an equilibrium between production and destruction of flame surface density as
, where Γ ∆o is the efficiency function proposed by Charlette et al. 4 to account for the net straining of all relevant scales smaller than ∆ o . The subfilter Reynolds number, Re ∆o , is based on the subfilter-scale rms velocity u ′ ∆o , calculated using the expression proposed by Colin et al.,
The model constant c 2 is set to 1.545 in this work for the two-dimensional simulations. 3 The wrinkling factor can then be rewritten as
IV. Flame Surface Density Model
IV.A. Transport of Progress Variable
In the LES context, a second approach to modeling of turbulent premixed flames is to ignore for the most part its internal structure and detailed chemical kinetics and represent the combustion occurring at the thin flame front in terms of a reaction progress variable that quantifies the conversion of reactants to products. One possible definition of a progress variable, c, is provided by a reduced fuel mass fraction, c = (
F are respectively the local, unburnt and burnt fuel mass fractions.
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The progress variable takes on values in the range 0 ≤ c ≤ 1 with c = 0 in the fresh gases and c = 1 in the fully burnt gases. The composition of the reactive mixture, in terms of the mass fractions of the reactants and products, can then be specified directly in terms of the progress variable. A Favre-filtered progress variable transport equation can be derived having the form
where the unclosed diffusive flux, ∇(ρD∇c), and filtered reaction rate,ω, are modeled together aṡ
and a gradient transport model is adopted forρ( cu i −cũ i ) = −(ρν t /Sc t )∂c/∂x i . 5 The resulting modeled progress variable equation is given by
where ρ r is the reactants density,Σ is the Favre-filtered flame surface area per unit mass of the mixture, and the product,ρΣ, is the flame surface area per unit volume or flame surface density (FSD). A means for specifying the FSD is required to provide closure for this description of premixed flames.
IV.B. Transport of Flame Surface Density
The filtered quantity,Σ, includes contributions from the resolved FSD and the unresolved subfilter-scales. The latter must be modeled. Mathematically, the FSD can be defined asρΣ = |∇c|δ(c * − c). A modeled transport equation for the flame surface density has been proposed by Hawkes and Cant 5, 6 given by:
where M = −∇c/Σ is the flamelet model for the surface averaged normal (c is estimated
The variable τ = (T ad − T r )/T r is the heat release parameter, where T ad and T r are the adiabatic and the reactants temperature, respectively, β is a model constant and must satisfy β ≥ 1 for realisability requirements, 5 α is a resolution factor, and Γ K is an efficiency function. 16 The terms on the right hand side of the modeled FSD equation represent the production/destruction sources associated with resolved strain, resolved propagation and curvature, and subfilter-scale strain and curvature.
V. Numerical Solution Scheme
A second-order accurate parallel finite-volume scheme has been developed and used to solve the Favre-filtered transport equations described above on multi-block quadrilateral (two space dimensions) and hexahedral (three space dimensions) computational meshes. 8, 9, 17 The inviscid flux at each cell face is evaluated using limited linear reconstruction 18 and Riemann-solver or flux-vector-splitting based flux functions, 19, 20 while the viscous flux is evaluated utilizing a centrally-weighted diamond-path reconstruction method. 21 A lowMach number preconditioned dual time-stepping method 22 is used to solve the coupled set of non-linear ordinary differential equations that arise from the spatial discretization procedure. Parallel implementation of the finite-volume scheme has been carried out via domain decomposition using the C++ programming language and the MPI (message passing interface) library.
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In two space dimensions, a block-based adaptive mesh refinement (AMR) approach has also been developed for use in conjunction with the finite-volume method described above. A flexible block-based hierarchical data structure has been devised and is used to facilitate automatic solution-directed mesh adaptation on the multi-block body-fitted mesh according to physics-based refinement criteria. The method allows for anisotropic mesh refinement and is well suited to the domain decomposition procedure used in the parallel implementation. Refer to the recent papers by Sachdev et al. 24 and Northrup and Groth 8 for further details. The extension of this approach to three space dimensions is the subject of current research and is on-going. 
V.A. Thermodynamic and Transport Properties
For the numerical results presented herein, thermodynamic and molecular transport properties of each mixture component are prescribed using the database compiled by Gordon and McBride, 25, 26 which provides curve fits for the species enthalpy, specific heat, viscosity, and thermal conductivity, as functions of temperature. The mixture rules of Wilke 27 and Mason and Saxena 28 are used to determine the molecular viscosity and thermal conductivity of the reactive mixture, respectively.
In our implementation of the thickened flame model, the thickening is applied only on the flame front. The heat conductivity,κ, the molecular diffusivities,Ď k , and the molecular viscosity,μ, are all multiplied by the thickening factor, F , and the efficiency factor, E F . In this way, the Lewis number, Le, Prandtl number, Pr, and Schmidt number, Sc, remain unaffected by the thickening of the flame.
V.B. Reduced Chemical Kinetics
For the FSD model, methane-air chemistry is represented simply by a one-step mechanism and the species mass fractions are formulated as algebraic functions of the progress variable,c, such thatỸ k =Ỹ k (c). The one-step reaction mechanism for methane combustion is
For the thickened flame simulations, the chemical kinetics for oxidation of methane is represented by a reduced two-step reaction mechanism, as described by Westbrook and Dryer. 29 In this mechanism, the oxidation of methane is expressed as follows:
VI. Results for Two-Dimensional Freely Propagating Flames
In order to carry out the comparison of the predictive capabilities of the thickened flame and flame surface density models, freely propagating stoichiometric premixed methane-air flames were first studied in decaying two-dimensional isotropic turbulent fields. Although it can be argued that two-dimensional turbulence differs from three-dimensional turbulence by the absence of the vortex stretching mechanism, turbulent curvature statistics suggest that the three-dimensional topology of a propagating surface is primarily twodimensional. 30, 31 Moreover, the two-dimensional premixed flame studies provided a solid basis for performing the subsequent three-dimensional simulations and evaluating and interpreting the results.
The two-dimensional stoichiometric turbulent flames are initialized by introducing a one-dimensional planar laminar premixed flame on to the computational domain with an isotropic turbulent field superimposed. Subsonic boundary conditions are prescribed at inflow and outflow boundaries, and periodic boundary conditions are applied at the top and bottom of the domain. The turbulent flow field is generated by prescribing a specified synthetic energy spectrum 32 and using the procedure developed by Rogallo.
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The turbulent burning rates for these cases are computed, based on the integrated consumption rate of fuel and the integrated FSD, in the thickened flame and FSD simulations, respectively. The corresponding expressions for the thickened flame and FSD burning rates are given by
and
whereρ r is the reactants density andỸ Fr is the fuel mass fraction in the reactants. 
VI.A. Influence of Mesh Resolution
Before comparing the two subfilter scale models in detail, it was felt that the baseline mesh resolution requirements of the proposed finite-volume scheme for accurately representing the turbulent flow field of interest should be established. Therefore, a study of the influence of the mesh resolution on the solution quality was first carried out. For this purpose, a premixed flame was considered propagating through a homogeneous turbulent field characterized as follows: turbulence intensity, The FSD model was used in the mesh convergence study. The predicted FSD solutions on the four different mesh resolutions are shown in Figures 1(a)-1(d) . Colour contours of the predicted values ofρΣ are given in the figures with peak values of the FSD occurring within the flame. The wrinkling of the initially planar laminar flame by the resolved turbulent field is quite evident in each case. Although not shown, it is found that there is a corresponding increase in the calculated turbulent flame speed as the simulation progresses until a near equilibrium flame speed is achieved of s T = 0.95 m/s (s T /s L ≈ 2.5) at t = 1.8 ms. At that point the predicted turbulent intensity has diminished by more than 30%.
Comparing the results of Figures 1(a)-1(d) , it is fairly evident that the coarsest mesh (64×60 cells) does not provide adequate resolution of the flame front as compared to the solution on the finest mesh. The finest mesh (512×480 cells) results in a well resolved thin and smooth flame front with a maximum value for the FSD. Nevertheless, the solutions on the other intermediate meshes (256×240 and 128×120 grids) also show a reasonable agreement with the finest mesh solution in terms of overall flame wrinkling and peak values of the FSD.
Turning attention to the predicted turbulent field, the predicted temporal variations of the resolved turbulence intensity, u ′ , determined for each of the four meshes are shown in Figure 2 (a). It may be observed that the predictions of the u ′ for the 512×480, 256×240 and 128×120 grids are generally in agreement, in fact it appears that a virtually grid-independent result has been achieved on the 256×240 mesh, whereas the 64×60 grid result is clearly under-resolved. However, even though the turbulence field is generally resolved on the finer meshes, if one considers the predicted turbulent flame speed on each mesh as shown in Figure 2(b) , it is quite apparent that the flame front and FSD are still not fully resolved. Even further refinement of the mesh is required to obtain a fully grid-independent solution. Note that similar mesh refinement studies have been performed for the thickened flame model and, as expected, the artificial thickening of the flame front reduces the mesh resolution requirements for obtaining grid-independent burning rates (accurate burning rates can be achieved on more moderately refined meshes).
VI.B. Predicted Flame Structure
Simulations for three different levels of turbulence intensity were carried out. Methane mass fraction contours clearly illustrate the strong influence of the turbulence intensity on the predicted flame structure. For both, the thickened flame and FSD models, there is a significant increase in the resolved flame front wrinkling with turbulent intensity. Comparing the two models, the overall agreement between the predicted flames geometries is rather good. The wrinkling generated by large turbulent structures is similar for both models. Differences are largely due to the fact that the flame front of the thickened model has been artificially thickened and a greater proportion of the flame wrinkling is therefore modeled. The differences become more evident when the flame is subject to higher turbulence levels, as displayed in Figures 3(e) and 3(f) . In this case, some of the small wrinkled structures that develop at earlier times in the FSD simulation have grown significantly; however, the same structures are not present in the thickened flame simulation. Figures 4(b) , 4(d) and 4(f). As it can be seen, the maximum values of FSD increase with turbulence intensity. Higher turbulence intensities lead to more flame wrinkling, which in turn, produce more flame surface. A point of note is the thickness associated with the FSD contours. There is a thickening of the FSD, which is due to lack of resolution of the FSD. As noted in the previous subsection, a numerical challenge associated with the FSD approach is that the required resolution of FSD is higher as compared to the thickened flame approach. On the other hand, a reduced number of transport equations needs to be solved when a FSD and progress variable formulation is employed, which, from the computational viewpoint, is advantageous. Another advantage of the FSD approach is the separation of complex chemistry from turbulence in which chemistry modeling is simply incorporated through the laminar flame speed and heat release parameter.
FSD contours are shown in
Since the thickened flame approach offers the possibility to deal with a more complex chemical and transport description of a premixed flame, results obtained for an intermediate species like CO are discussed next. Figures 4(a) , 4(c) and 4(e) show the CO mass fraction contours. For the three different cases, the largest concentrations of CO tend to occur in regions where the flame front is convex towards the reactants. This is in agreement with direct numerical simulation results reported in references. 34, 35 These regions generally coincide with zones where the flame undergoes downstream interaction, which have been reported to be the main areas for CO production. In these regions the CO oxidation layer is curtailed. It is interesting to note that despite the fact that only a two-step reaction mechanism is used in the LES of the premixed flames, important features regarding the interaction between turbulence and chemistry have been captured with thickened flame model. 
VI.C. Predicted Turbulent Burning Rates
The predicted turbulent burning rates obtained for both the thickened flame and FSD models for cases A-C are shown in Figure 5 . From the figure, it can be seen that there is a short period of adjustment to the initial conditions until the burning rates attain the laminar flame speed. After this initial period of adjustment, the burning rates increase while the flame front is wrinkled by the turbulent flow field. The fuel consumption rate is enhanced by turbulence as more flame surface is produced by the wrinkling of the flame front.
For both models, the computed burning rates follow the same trend, as the turbulence level is increased, more wrinkling is generated with a corresponding increase in the turbulent burning rates. The predicted turbulent flame speeds are quantitatively similar for low turbulence intensities, however, for high turbulence intensity the FSD model predicts a higher flame speed.
VII. Results for Three-Dimensional Freely Propagating Flames
LES predictions of freely propagating flames in fully three-dimensional homogeneous isotropic decaying turbulent fields are now considered. As for the two-dimensional simulations previously described, the threedimensional turbulent flames are initialized by introducing a planar laminar stoichiometric premixed flame onto a computational domain containing the isotropic turbulent field using the procedure developed by Rogallo. 33 Also as in the two-dimensional simulations, turbulence fields of three different turbulence intensities were considered. These cases are identified as case D, case E, and case F, respectively, and the parameters characterizing the initial turbulent field in the unburnt mixture for each of the cases are as follows: relative turbulence intensity, u ′ /s L = 6. Turbulent burning rates for the fully three-dimensional cases are computed as follows:
for the thickened flame and FSD models, respectively.
VII.A. Predicted Flame Structure
Numerical predictions of freely propagating flames for cases D, E, and F, obtained using the FSD model are depicted in Figures 6 and 7 . The three-dimensional LES results are shown for the three cases at a time equal to 0.3 ms after initialization. This time corresponds to approximately one and a half, two and three eddy turnovers based on the Taylor scale for each of the cases, respectively. Iso-surfaces of the progress variable corresponding to c = 0.5 are shown in Figures 6(c) , 6(d), and 6(e) and contour plots of the progress variable, c, and flame surface density,ρΣ, for the y = 0 plane are given in Figures 7(a)-7(f) . The wrinkling of the initially planar flame front is clearly illustrated in Figures 6(c) , 6(d), and 6(e). Furthermore, the flame front wrinkling is noticeably increased with increasing turbulence intensity. Although not shown, the increased wrinkling of the flame front also results in a corresponding increase in the predicted burning rate and hence flame propagation speed. The wrinkled structure of the premixed flame fronts are further illustrated in the contour plots of Figures 7(a)-7(f). Although somewhat similar in nature to the two-dimensional results discussed earlier, the predicted flame structures here clearly have a three-dimensional nature.
The ability of LES FSD approach to provide insight into the flame structure is highlighted by the production and destruction terms that appear in the FSD transport equation. The predicted budgets of these production and destruction terms for cases D, E, and F at t = 0.3 ms are shown in Figure 8 . Referring to the figure, it may be seen that, although somewhat under-resolved on the computational mesh used in the simulations here, there is a complex balance of terms through the flame brush resulting in the final net rate of change of the flame surface density. At the leading edge the main contributions arise from the resolved strain and resolved propagation terms. The largest contributions at the tailing edge of the flame come from the subfilter curvature and resolved propagation terms. As should be expected, the resolved strain term increases significantly with increasing turbulence intensity. It is evident there are strong spatial variations in the resolved source terms that would simply not be observable in or predicted by a Reynolds-or Favre-averaged Navier-Stokes simulation of the premixed flame.
VIII. Concluding Remarks
Numerical results for two-and three-dimensional turbulent premixed flames have been described and comparisons were made between the predicted flame structure and turbulent burning rates as a function of turbulence intensity. Two subfilter scale models were employed, one based on the thickened flame model and the other based on a modeled transport equation for the flame surface density. All in all, there is qualitative agreement between the two models and the same trends were observed on the numerical solutions. Both approaches offer advantages and disadvantages from both physical and computational points of view. Future research will involve more detailed comparisons of the predictive capabilities of the two subfilter scale models for more practical premixed flame configurations.
